Abstract: The work reported demonstrates that the yellowness of UV-curable epoxide resins can be improved by adding certain tertiary amines in appropriately determined amounts. According to the results of our experiments, 2.0 wt% benzoyl peroxide added to a resin effectively enhances the crosslinking density, and phenolic free radicals are produced during UV curing, which consequently induce yellowness via the reaction of oxygen and the free radicals. Imidazole (1-amine) and tertiary amines, including 1,2-dimethylimidazole (2-amine), 2,4,6-tris(dimethylaminomethyl)phenol (3-amine), 1-methylimidazole (4-amine) and 2-methylimidazole (5-amine), were chosen to be added to resins, and their effects on UV conversion and yellowness were investigated. According to the experimental results, tertiary amines in the resin can provide a certain degree of improvement in yellowness index ( YI) and color parameter ( E * ab ) of the resin sample. Whatever the type of tertiary amine, it is found that the optimum content of amine in resin is 1.0 wt%. Also, among the studied amines, the 3-amine exhibits the highest UV reactivity and the best efficiency for yellowness improvement with values of a
INTRODUCTION
There are many applications of UV-curable epoxide resins in the electronic and optoelectronic industries due to their fast polymerization rate and good physical properties. UV-curable resins are specifically required in the packaging of advanced flat-panel displays (FPDs), e.g. organic light-emitting devices (OLEDs), for the light-emitting materials in these devices cannot tolerate high-temperature thermal processes. 1 Encapsulation of devices must be achieved over the whole light-emitting area so that transparency becomes an important issue for sealing resins, 2, 3 as the developing trend switches from conventional bottomemitting OLEDs to top-emitting OLEDs (TOLEDs) and flexible OLEDs (FOLEDs). Yellowing is a common detriment to the transparency of UVcurable resins because of their poor resistance to subsequent UV exposure. Yellowness of UV-curable resins may be caused by: (i) photo-yellowing reactions which are induced by residual photo-initiators; 4 -6 (ii) hydrogen atoms being abstracted by the residual photo-initiator; 7 (iii) oxidization due to the presence of functional groups containing residual free radicals in resins; 8 and (iv) hydroperoxidation resulting from the formation of conjugated unsaturated carbonyl products with strong UV absorption at a wavelength of 275 nm. 9 Triarylsulfonium salts are used as photo-initiators for their high thermal stability, but they undergo rapid photolysis when irradiated by UV light with wavelengths ranging from 200 to 300 nm. Both homolytic and heterolytic cleavage mechanisms are involved in the photolysis of triarylsulfonium salt photo-initiators. In the homolytic process, the excited state first cleaves to release diphenylsulfinyl radical cation, phenyl radical and anion. Equation (1) depicts the reactive species including aryl radicals, aryl cationic radicals, aryl cations and Brønsted acid (H + SbF 6 − ) generated by the photolysis of the photoinitiator: 10 (1)
The yellowness of resin samples results from the residual free radicals that are generated by photosensitizing sulfonium salt photo-initiator (Eqn (1)), polymer and photosensitizer. The radicals react with oxygen in air to produce free radicals via the oxidation reaction shown in Eqn (2). 12 As depicted by Eqns (3) and (4), the free radicals further react with polymer (RH) and other free radicals or phenolic radicals to form hydroperoxide (ROOH) or ester, respectively. It is known that the presence of hydroperoxide induces the yellowing of resins. 13 -15 ROOH is then decomposed to alkoxy and hydroxide radicals in accordance with Eqn (5) 16, 17 and subsequently reacts with RH to form alkyl radical (Eqn. (6) ) and the alkyl radicals are formed by the continuous repetition of reactions shown in Eqns (2)-(7). The more residual free radicals generated in the resin samples, the more hydroperoxides will be produced and the more severe will be the yellowing in the UV-curable epoxide resins.
The yellowness of UV-curable resins can be improved by adding light stabilizers which consist of UV absorbers and radical scavengers. One of the specific features of tertiary amines is they may react with carbonyl compounds, singlet oxygen and other species via an electron-transfer process to improve the low ionization potential property. 18 Normally, amine retards cationic photopolymerization. But some amines, such as mono-acrylate of a cyclic carbamate, mono-acrylate of a cyclic urethane 18 and amine acrylate, 19, 20 may also serve as oxygen inhibitors that can reduce the yellowness of UV-curable resins. Imidazole usually serves as a thermal accelerator and can be thermally cured at 80-120
• C. It not only reacts with epoxy through one or both of the nitrogens on the ring but also catalyzes the reactions. Thermal polymerization of imidazole and other tertiary amines has been widely studied, 21 -24 but the addition of tertiary amines to UV-curable resins and their effects on key physical properties are rarely reported.
Chemical grafting and addition of tertiary amines which serve as oxygen inhibitors to retard the yellowing of UV-curable epoxide resins were investigated in the work reported in the present paper. The effects of amine type and content on UV conversion and yellowness of resin samples were studied. The type of tertiary amine and optimum content were identified, which allow fabrication of a UV-curable epoxide resin with properties satisfactory for packaging applications of advanced FPD products.
EXPERIMENTAL

Materials and sample preparation
The 3,4-epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate epoxide oligomer resin, the triarylsulfonium hexafluoroantimonate salt photo-initiator, the monomer and tri(propylene glycol) were all purchased from Aldrich Co. The benzoyl peroxide (BPO) thermal initiator was provided by Fluka Co. The chemical structures, designated names and providers of the five tertiary amines under study are listed in Table 1 .
The processes to prepare resin samples were as follows. First, the base matrix for each sample preparation was mixed with the cycloaliphatic epoxide and monomer at a weight ratio of 4:1 for 1.5 h and stirred. Then different amounts of BPO and about 1.5 g of photo-initiator for each sample was placed in the mixture, followed by another 1.5 h of stirring. The optimum BPO content was determined via a UV conversion experiment, and various types and amounts of tertiary amine were added to the above resin mixture with specific BPO contents and stirred to complete the resin sample preparation. For subsequent analyses, the resin samples were coated on glass plates and cured in a UV oven (C-SUN, UC-1000) for various times followed by post-baking at various temperatures for 1 h. The thickness of thin-film samples was about 130 ± 2 µm.
Property characterization UV conversion
The samples for UV conversion were prepared by coating the resin samples on KBr disks, which were then cured in the UV oven for various times. The samples were then analyzed using a Fourier transform infrared (FTIR) spectrometer (Nicolet Protégé 460 FTIR) for structure characterization. The conversions of samples were determined from the absorbance intensity of peaks at 910 cm −1 in the FTIR spectra. An internal standard band method was adopted by choosing the absorption band at 1728 cm −1 of C=O of dicycloaliphatic epoxide as an internal standard band for conversion calculation in order to compensate for the change in sample thickness resulting from UV curing. The conversions of samples were calculated according to the following equation:
(8) where [A] Et = peak intensity of epoxy group in the normalized spectrum of the sample subjected to UV curing, [A] rt = peak intensity of C=O group in the normalized spectrum of the sample subjected to UV curing, [A] E0 = peak intensity of epoxy group in the normalized spectrum of the sample prior to UV curing and [A] r0 = peak intensity of C=O group in the normalized spectrum of the sample prior to UV curing.
NMR characterization
Each of tertiary amines was blended with BPO, and then all samples were cured by UV radiation and further dissolved in CDCl 3 and characterized from their 1 H NMR spectra recorded using an INOVA 500 MHz NMR spectrometer. 
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Transmittance An Agilent 8453 UV-visible spectrometer was utilized to measure the transmittances of resin samples which were coated on a glass substrate and subjected to UV and post-baking treatments.
Yellowness indices and color parameters
The yellowness of specimens was evaluated in accordance with the standard ASTM E313-05 using a spectrophotometer (Minolta, CM-508i) in conjunction with the On Color software (Version 5.3.0.7 QC-Basic, Cyber Chrome, Inc.). First, the reflectance of a sample was measured in the visible region with wavelengths ranging from 400 to 700 nm. Reflectance data were taken from a 20 nm wavelength interval on an 8 mm 2 area of specimen and a white color standard (i.e. double A white paper 27 and yellowness index ( YI) 28 of the resin samples were calculated according to
where
std and (X, Y , Z) are the tristimulus values calculated from the color reflectance spectra 19 obtained using a 2
• observer.
RESULTS AND DISCUSSION
Effects of BPO and UV reactivity conversions on amine-free samples BPO is a common free radical photo-initiator and/or thermal initiator in UV-curable resins. The radicals for polymerization are generated via the thermal or photochemical decomposition of BPO. 29 Fig. 1 presents the reactivity (conversion) of resin samples containing various amounts of BPO, which were irradiated for 10 min with UV light and post-cured at 80
• C for 1 h, evaluated by the absorbance changes of the peaks corresponding to the epoxy group at 910 cm −1 of FTIR spectra. As the UV irradiation starts, it can be seen that the conversions of all samples dramatically increase then gradually reach a plateau when UV irradiation time exceeds about 10 min. The increasing trend of UV conversions of the epoxy group shown in Fig. 1 also implies that the addition of BPO up to about 2.0 wt% benefits the photopolymerization of resins. Generally, free radicals can react with other free radicals to induce grafting, which is a homopolymerization reaction product macroradical and process termination 30, 31 at high conversion. But above a certain BPO content (>2.0 wt%) more phenolic radicals might react with ambient oxygen to form moisture in the resins 23 and consequently inhibit the UV curing. The results are intriguing since most researchers have reported that higher relative humidity resulted in lower curing conversions. 32 Therefore, the resin containing 2.0 wt% BPO is adopted as the resin base for subsequent yellowing study.
Effects of BPO content on yellowness of amine-free samples
The UV-curable resins were irradiated by UV light for 10 min and post-cured at 80
• C so as to study the effects of various BPO contents on yellowing. Table 2 and Fig. 2 present E * ab , YI and transmittance change as a function of BPO content in tertiary amine-free resin samples. It can be seen that both E * ab and YI increase with increasing amount of BPO and the transmittance decreases with increasing BPO content within the visible-light wavelength range. Further, the values of L * in Table 2 define the transparency of samples: a higher L * value means a higher transparency. The decrease of L * with increasing BPO content shown in Table 2 implies the degradation of transparency of resin samples with increasing BPO content as presented in Fig. 2 . These results clearly indicate that addition of BPO increases the yellowing and decreases the transparency of UVcurable epoxide resins, although it did benefit the photopolymerization process. Free radicals, which are generated as BPO is heated or irradiated by UV light and follow-up induced reactions, reacted with oxygen in air to produce hydroperoxide which induces the yellowness of resins.
9,14,15
Effects of amine type and content on yellowness The resin containing 2.0 wt% BPO was adopted as the base resin matrix since it had the highest UV conversion. Different types and amounts of tertiary amine were then added into the base resin matrices, and their effects on the yellowness were evaluated. Before the addition of amines, E * ab and YI of the base resin matrix are 33.12 and 63.06, respectively. There was substantial improvement of yellowness in all samples after the addition of tertiary amines, as seen in the summary of the results in Table 3 . For all samples, the values of E * ab and YI both decrease with increasing amine content in the resin samples. The most effective is the sample containing 1.0 wt% of 3-amine that exhibits the lowest E * ab and YI of 6.48 and 11.27, respectively. The addition of 3-amine in the resin gave the best improvement in yellowness, and thus could be attributed to its highest reactivity among all the amines studied in this work. In fact, 3-amine possesses the highest functionality and certainly has the largest influence among the amines with same weight percentage.
Furthermore, as shown in Table 3 , the resin containing 3-amine exhibits the highest L * value which implies the highest transparency. Figure 3 shows the transmittances of resin samples containing various amounts of 3-amine. It is noted that the variations in transmittance for different contents of amine are similar for all five types of amine studied in this work. The increasing trend of transmittance again evidences the effectiveness for improving yellowness by the addition of tertiary amine.
The individual tertiary amines of 1.0 wt% were mixed with 2.0 wt% BPO, and then underwent UV irradiation for 10 min. The results of the reaction were studied by FTIR spectroscopy. The 3-amine mixed with BPO underwent UV irradiation, and the absorption intensity of CH 3 -N-at 1232 cm −1 disappeared as shown in Fig. 4. In addition, Fig. 5 shows the 1 H NMR spectra of 3-amine mixed with BPO before and after UV irradiation. The CH 3 -Nof 3-amine demonstrated a chemical shift from 3.284 to 3.757 ppm after UV irradiation and the same results were obtained for 2-amine and 4-amine. Figures 4 and 5 indicate that 2-amine, 3-amine and 4-amine react with BPO under UV irradiation. These additions effectively suppress the number of free radicals and hence improve the yellowing of samples by reducing the formation of hydroperoxides. Singlet oxygen produced a triplet energy transfer from a photosensitizer (i.e. free radical initiators such as BPO) to ground-state oxygen during UV irradiation. 33 The singlet oxygen may react with 2-amine, 3-amine and 4-amine via an electron-transfer process to produce α-aminoalkyl radicals in accordance with Eqn (11) 17 reacting with oxygen to produce α-hydroperoxyamine (HOOCH 2 NR 2 ) and α-aminoalkyl radical via the reactions shown in Eqns (12) and (13). 11, 17 Therefore, improvement of yellowing could be explained by the oxygen-scavenging processes of tertiary amines, as depicted by Eqns (11)- (13) .
According to Fig. 6 , when 1-amine was reacted with BPO and underwent UV irradiation, the absorption intensity of NH-at 1136 cm −1 disappeared; the same result was obtained when 1-amine when replaced by 5-amine. Figure 6 indicates that 1-amine and 5-amine react with BPO under UV irradiation, improving the yellowing of samples by reducing the formation of hydroperoxides. The aminyl radicals of 1-amine and 5-amine reacting with singlet oxygen shown in Eqn (14) further react with oxygen to produce HOONR 2 and aminyl radical via the reactions shown by Eqns (15) and (16) . The oxygen-scavenging processes (depicted by Eqns (14)- (16) in the backbone structure of resins. 3 This implies that yellowing can be effectively improved by reducing the presence of hydroperoxides in the resin samples (see Eqn (3) ). 
Effects of UV irradiation time on yellowness
The resin samples for the yellowing study each contained 2.0 wt% of BPO and 1.0 wt% of tertiary amine. The samples were subjected to various UV irradiation times and post-cure at 80
• C and were then evaluated. Figure 7 presents the variation of E * ab and YI as functions of UV irradiation time for resin matrix and resin samples containing various types of tertiary amine. Among all the samples studied, the resin matrix exhibits the highest E * ab and YI since it abounds with phenolic radicals able to react with oxygen. The lowest E * ab and YI are observed for the resin containing 3-amine since there are fewer phenolic radicals to react with oxygen. This indicates that the reactivity of amine with oxygen affects the values of E * ab and YI. Angiolini et al. 34 reported that higher reactivity implies less yellowing and vice versa. Our previous study (Chiang TH and Hsieh TE, React Func Polym) found that the reactivity of the amines is in the order 3-amine > 4-amine > 1-amine > 2-amine > 5-amine, and therefore the values of E * ab and YI of resins are in the order 3-amine < 4-amine < 1-amine < 2-amine < 5-amine. The 3-amine provided the best yellowness improvement, which is attributed to its highest reactivity among all the amines studied in this work and the fact that it has three groups (-CH 2 N(CH 3 ) 2 ) that can react with singlet oxygen, which can reduce yellowness.
According to the results of our experiment, 10 min is the most appropriate UV irradiation time, since more free radicals would be induced and react with oxygen to increase yellowing of resins when exposed to excessive UV radiation. Peroxy radicals (ROO • ), which are derived from BPO and photo-initiator in the resins when subjected to excessive UV exposure, might extract hydrogen from 2-amine, 3-amine and 4-amine to form hydroperoxide and α-aminoalkyl radicals as depicted by Eqn (17) . 17 The peroxy radicals similarly extract hydrogen from 1-amine and 5-amine to form hydroperoxide and aminyl radicals in accordance with Eqn (18) . 35 The formation of hydroperoxide thus increases the yellowness of UV-curable epoxide resins. , respectively. These reveal that, regardless of resin type, yellowing increases with increasing post-curing temperature. Post-curing at a temperature of 160
• C gave the largest E * ab and YI. Apparently high thermal curing temperature accelerates the oxidation of resins and hence increases the yellowness. Peroxy radicals (ROO • ) are formed from BPO and photoinitiator in the resins when subjected to high postcuring temperature, and one may expect extraction of hydrogen from 2-amine, 3-amine and 4-amine to form hydroperoxide and α-aminoalkyl radicals as depicted by Eqn (17) . 17 Further, addition of 1-amine, 2-amine, 3-amine or 4-amine provides better resistance to yellowing in comparison with addition of 5-amine.
CONCLUSIONS
Appropriate amounts of BPO in UV-curable epoxide resins will accelerate the crosslinking density; the fastest UV conversion was achieved with a resin sample containing 2.0 wt% BPO, as found by this study. However, phenolic free radicals were also formed from the addition of BPO during UV irradiation by inducing the photolysis of the sulfonium salt photoinitiator and consequently increasing the yellowness of the resins. This work demonstrates that yellowing can be substantially improved by adding imidazole or tertiary amines to the UV-curable epoxide resins. It is found that 2,4,6-tris(dimethylaminomethyl)phenol (designated 3-amine in this work) is the most effective additive, giving values of E * ab and YI of 6.48 and 11.27, respectively; the values for blank resin without the additives are 33.12 and 63.06. Among the amines under study, 3-amine has the highest UV reactivity in the resins, resulting in the photoinitiator producing fewer phenolic radicals to react with oxygen. Yellowness improvement was hence attributed to the good oxygen-scavenging ability of the tertiary amines which effectively inhibits the formation of hydroperoxide in the resins. The maximum amount of amines in the resins has been found to be about 1.0 wt% and excessive amounts of amines in the resins may retard UV curing. Also, the optimum UV irradiation time and post-curing temperature were found to be 10 min and 80
• C, respectively, in order to achieve satisfactory yellowing of the UV-curable epoxide resins.
